Abstract The aim of this study was to compare the efficacy of triclabendazole (TCBZ) and nitroxynil against a TCBZ-resistant Fasciola hepatica strain in a naturally infected sheep flock. The efficacies were measured by the faecal egg count reduction test. The level of F. hepatica antigens was tested in faeces; and haematological indices such as total proteins (TP), albumin, hepatic enzymes and total IgG were also studied. The results confirmed the resistance of F. hepatica against TCBZ in the flock with an efficacy during the first month post-treatment between 59.4% and 73.8%. In the nitroxynil group, the efficacy during the same period ranged between 81.3% and 86%, likely because the efficacy of this drug against 7-to 9-week-old immature stages is only 50-90%. Anemia was showed in all groups and white blood cells were always higher than the reference range. The values of TP and albumin were within normal range in most of the sheep, and an increase in hepatic enzymes confirmed the liver damage. Regarding total IgG, some negative correlations were found with egg excretion, and in relation to the level of antigens in faeces, these ones decreased immediately after treatment. We conclude that nitroxynil could be an alternative in case of TCBZ resistance.
Introduction
Fasciolosis is an important parasitic disease affecting significantly the ruminant production by means of reducing the growth, conversion rate, milk production, quality and quantity of meat and reproduction. Although difficult to know, some data estimate the losses in more than 2000 million of dollars annually worldwide (Spithill and Dalton 1998) . This situation is changing adversely due to different factors such as the climate change. On the other hand, the cost of treatments must be added as well as the emergence of anthelmintic resistance to the available drugs. In Spain, the ovine fasciolosis is widely distributed; according to faecal exams, approximately 30% of the sheep flocks in Northwest of Spain are infected. However, these values reach 56% or even higher by immunodiagnostic assays (Ferre et al. 1995; García-Perez and Juste-Jordan 1987) .
The flukicide resistance phenomenon is already present in many countries in the same way that resistance against other anthelmintic drugs is spreading around worldwide. The first description of Fasciola hepatica resistance was referred to a drug that is not used today, the hexachlorophene (Dorsman 1968) . More recently, Boray (1990) showed collateral resistance between rafoxanide and closantel. On the other hand, Overend and Bowen (1995) described a case of resistance to triclabendazole (TCBZ) in Australia, and since then, new cases have been reported throughout Europe. In Spain, the first report was described in the province of León against albendazole and TCBZ in the same sheep flock (Álvarez-Sánchez et al. 2006) .
Because of the absence of new drugs against fluke infections, it is necessary to prove and compare the efficacy of the anthelmintics to prevent resistance development. The aim of this study is contrast the efficacy of TCBZ (TCBZ) and nitroxynil in a flock with a history of resistance to TCBZ (Álvarez-Sánchez et al. 2006) in the province of León (Spain). The efficacies were compared in both groups by weekly faecal analysis (eggs per gram) throughout the trial and by means of the study of other parameters related to fasciolosis, such as total proteins (TP), albumin, hepatic enzymes, haematological parameters, and the level of antigens and IgG in faecal and serum samples, respectively.
Materials and methods

Animals and experimental design
The study was carried out in a sheep flock with around 150 ewes located in Northwest of Spain, province of León, and naturally infected by F. hepatica. One week before beginning the assay, faecal samples were taken in 136 sheep to select those 45 animals with the highest F. hepatica excretion of eggs in faeces. The selected animals were divided into three groups of 15 animals each: one group with 15 sheep was treated with a single oral dose of TCBZ (Endex, 10 mg/kg); the second group received nitroxynil by subcutaneous route (Distomicide, 10 mg/kg); and the third group (control) only received water as placebo. Before beginning the trial, we conducted a survey about the previous anthelmintic used in the farm with the aim to confirm that nitroxynil was never used; however, sheep were treated with the TCBZ on several occasions in the past.
All animals were kept with the rest of the flock and managed under the same conditions throughout the study, grazing during the day and indoors by night.
Animal sampling
Faecal samples were taken directly from rectum weekly from day 17 post-treatment (pt) until day 59. The number of F. hepatica eggs was calculated by a standard sedimentation method using McMaster chambers (Thienpont et al. 1986) . For the antigen determination in faeces, 0.5 g of faeces was mixed with 2 ml of PBS-Tween (0.01%) and stored overnight at 4°C. Then, samples were centrifuged for 10 min at 1,000 × g to collect the supernatant. The supernatant was stored at −20°C until its analysis.
Blood samples were taken directly from the jugular vein into Venojet® glass tubes, without anticoagulant, to obtain serum at the same days that faecal samples were collected. Serum samples were stored at −20°C until total IgG antibodies were analysed by an indirect ELISA. Serum samples were also sent to the Laboratorio de Técnicas Instrumentales of the University of León to measure the levels of TP, albumin and hepatic enzymes-gammaglutamyl transferase (GGT), aspartate-amine transferase (AST), alanine-amine transferase (ALT)-in all samples.
Blood samples were also taken into EDTA tubes from the jugular vein at days 0, 17, 31 and 59 pt; haematological parameters-red blood cells (RBC), hematocrit (HTO), haemoglobin (HG), white blood cells (WBC), mean corpuscular volume and mean corpuscular haemoglobin concentration-were calculated in these samples.
Indirect ELISA Indirect ELISAs using the excretory/secretory antigens from F. hepatica adults were performed on serum samples as described by Vara-del Río et al. (2004) .
Microtiter plates (Sigma, Madrid, Spain) were coated with 100 μl of PBS containing 1 μg/ml of the antigen and stored overnight at 4°C. After discarding the content, plates were blocked with 200 μl PT-milk (4 g powdered milk + 100 ml PBS-Tween) (PBS-Tween: 1 l PBS pH 7.4+1 ml Tween) for 30 min at 37°C. Then, the blocking buffer was discarded and 100 μl of serum, diluted in PT-Milk 1/50, was added. Plates were incubated for 30 min at 37°C. After washing the plates four times with PBS-Tween, 100 μl of a horseradish peroxidase-conjugated donkey antisheep IgG (Sigma), at a dilution of 1/1,500 in PT-Milk, was added and incubated for 30 min at 37°C. Then, plates were washed again 6 times with PBS-Tween and 100 μl of substrate was added. The substrate consisted of 10 mg of ortho-phenylenediamine, 12 ml citrate buffer and 10 μl of 30% hydrogen peroxide. The plates were incubated in the dark for 10 min at room temperature. Enzymatic reaction was stopped with 100 μl per well of 3N sulphuric acid and optical density (OD) values were read using a spectrophotometer (Titertek Multiskan) at 492 nm. Positive and negative controls were included in every plate. All samples were done in duplicate.
Sandwich ELISA Antigen determination was detected in faeces according to the specifications of the monoclonal antibody-based sandwich ELISA "Bio-X ovine F. hepatica antigen ELISA kit". Positive OD values were 0.15 or higher according to the kit.
Efficacy of the anthelmintics
The efficacy of TCBZ and nitroxynil was determined in every sampling day by calculating the faecal egg count reduction test (FECRT) with the following formula:
Epg control group ¼ arithmetic mean in control group Epg treated group ¼ arithmetic mean in treated group Statistical analysis Statistical analysis was performed after each determination in all samples. Significant differences between treated and the control groups were carried out using the Student's t test. Values of p<0.05 were considered significant. Correlation between parameters was tested using regression analysis Pearson's correlation coefficient. All tests were performed using the SPSS software program for Windows.
Results
Faecal egg counts and efficacy of the treatments
The arithmetic mean of epg in each group was measured and the kinetic is shown in Fig. 1 . Afterwards, the FECRT was calculated for each sampling day ( Table 1 ). The highest difference between groups was shown at day 17 pt, when the efficacy against TCBZ was almost 60% and against nitroxynil 86%.
Every sampling day, significant differences (p<0.01) were found between treated and control groups with the exception of day 44 in the TCBZ group.
Haematological data
RBC
The values of the three groups at the beginning of the assay and throughout the study were below normal range (11-13×106/μl) (Schalm et al. 1981) . In all groups, there was a slight increase at day 17 pt, followed by a decreased until values noted at day 0 (Table 2) . Throughout the experiment, significant differences were described every sampling day between treated and control groups. However, in TCBZ-treated group, these differences decreased until the last day of the assay, when they were not shown anymore.
HTO
The HTO in sheep was related with low values of RBC but within the normal range (30-45%) (Schalm et al. 1981) , except for control group at days 31 and 59 pt, which were below normal ( Table 2 ). The kinetic of the HTO was the same as in the RBC. Unlike the RBC data, no significant differences were shown between treated and control groups with the exception of TCBZ group at day 17 pt.
HG
Throughout all experiments, lower values than normal (11-13 g/dl) (Schalm et al. 1981) were observed in all animals but mainly in the control group (Table 2) . At the end of the assay, the values were lower than at the beginning, in the same way as with RBC and HTO values.
WBC
The data were always above normal range (2.5-7.5×10 3 /μl) (Schalm et al. 1981) in all groups and during all sampling days (Table 2) . However, significant differences were not described at any time. At day 31 pt, there was a decrease in WBC that matched up with a rise in epg.
In an attempt to know the type of anemia present in sheep, the mean corpuscular volume and the mean corpuscular haemoglobin concentration were calculated (data not shown). In regard to mean corpuscular volume, the data were between 41.5 and 47.1 fl, above normal (30-38 fl) (Schalm et al. 1981) . The mean corpuscular haemoglobin concentration varied within the range 27-28 g/dl, higher than the reference values (31-33 g/dl). According to both measurements, it is concluded that all groups showed macrocytic and hypochromic anemia.
The levels of serum proteins, TP and the albumin fraction, were tested weekly after day 17 pt (Table 3 ). The levels of TP were within normal range (6-7.5 g/dl) (Benjamín 1984) . The exceptions were at day 38 pt, in TCBZ group, and at day 59, in all groups, when values rose above the normality. The albumin showed a similar kinetic to the TP data. Almost all data were included within the normality (2.7-3.7 g/dl) (Benjamín 1984) , except for 2 days in TCBZ group and five in control group. In all groups there was a slight rise at days 44 and 59 pt. Furthermore, it was measured the relationship between these last two parameters and significant correlations at days 0, 17 and 51 (p<0.05) and at days 24 and 59 pt (p<0.01) were found. 
Hepatic enzymes
The hepatic damage produced by F. hepatica was checked by means of some hepatic enzymes. GGT is the enzyme that is related to the presence of adult flukes into the bile ducts. Its values rose by 16% in TCBZ group and also moderately in the nitroxynil group at day 17 pt (8.9%). After day 38 pt, values increased again in all groups (Fig. 2) . On the other hand, we measured the activity of AST enzyme, which reflects the migration of the immature flukes throughout the liver. Their levels were maintained until day 31 and then they started to rise. In case of the TCBZ-treated group, the level was increased by 12%, at day 44, and by 17% in nitroxynil group, at the same day (Fig. 3) . Finally, the hepatic damage was also confirmed after studying the ALT enzyme, which is also in relation with immature forms in the liver. In all groups the values rose from day 38 until the end of the experiment, showing a similar kinetic than the AST activity. TCBZ group suffered the highest increased at day 38 pt (15%) (Fig. 4) . Throughout the assay, nonsignificant differences were detected regarding the three hepatic enzymes.
Total IgGs against excretory-secretory antigen of F. hepatica
The antibodies rose up to a maximum level by day 17 pt in all groups, and decreasing afterwards to a minimum value at day 38 pt (Fig. 5) . Moreover, the maximum value of IgG at day 17 pt was significantly related (p<0.05) with the lowest egg excretion. On the other hand, the lowest level of antibodies, at day 38 pt, coincided with an increase in faecal excretion of eggs, but this correlation was not significant. Comparing treated and control groups, significant differences were also detected. Between TCBZ and control groups, they were described at days 38 (p<0.05) and 44 (p<0.01); between nitroxynil and control group at days 17 and 24 (p<0.01).
Antigen of F. hepatica in faeces
The level of antigens in faeces decreased immediately after the treatment. In both treated groups, the values were negative during 3 weeks, from day 17 until day 44 pt. After that, antigens increased until positive values (Fig. 6 ).
Significant differences (p<0.01) were described every sampling day between treated and control groups.
Discussion
The aim of this assay was to compare the efficacy of TCBZ and nitroxynil in a TCBZ-resistant sheep flock where nitroxynil has not been used previously. The resistance of F. hepatica to TCBZ in this sheep flock was already stated by Álvarez-Sánchez et al. (2006); moreover, the authors also tested the efficacy of other anthelmintics, albendazole and clorsulon. In that case, TCBZ efficacy against immature flukes was 75.5% by FECRT. In the present trial, the TCBZ resistance has been confirmed in the same flock and the efficacy of an alternative drug, the nitroxynil, has been compared with TCBZ. One of the most simple and useful techniques to evaluate the efficacy of a drug is the FECRT. According to current WAAVP guidelines, a reduction of the faecal egg count below 95% plus a lower confidence limit below 90% strongly indicate the presence of anthelmintic resistance (Coles et al. 1992 ). However, this criterion appears valid only for benzimidazoles and ivermectin in nematodes (Coles et al. 1992 ) since they present efficacies higher than 95%. In accordance with different authors Boray 1999, Mooney et al. 2009 ), the efficacy of nitroxynil by subcutaneous route is between 91% and 99% against adult flukes, with more than 10 weeks age, and only between 50% and 90% against immature forms with 7-9 weeks age. Efficacies around 100% have also been described under field (Mooney et al. 2009 ) and experimental (Coles and Stafford 2001) conditions when this drug has been used.
According to an initial survey, this flock had not been treated before with nitroxynil, although TCBZ had been used by several times during the last years. The results of this study show that the efficacy range of TCBZ was between 42.3% and 85.8%, involving a therapeutic failure associated with anthelmintic resistance. On the hand, the efficacies of nitroxynil were higher than TCBZ but did not reach the 90% either at any sampling day. However, it is worth mentioning that values for nitroxynil during the first month were higher than 80%. It is unclear why the reduction at the first measurement, day 17 pt, was only 86%. Most likely because the efficacy against immature forms is taken into account at that day and for nitroxynil is only between 50% and 90% (Fairweather and Boray 1999) .
Regarding haematological parameters, the RBC were below normal range in the three groups as well as in case of Table 3 Values of TP and albumin during the assay HTO and haemoglobin. These results support the observations carried out previously by Sykes et al. (1980) , Hawkins (1984) and Matanović et al. (2007) . Furthermore, the anemia described in this trail was classified as macrocytic and hypochromic, as occurs in the chronic fasciolosis (Cordero-del Campillo and Rojo-Vázquez 1999). Sykes et al. (1980) also described high values for the mean corpuscular volume in an infected group by F. hepatica comparing with a control group. In relation to plasma proteins, values did not reach hypoproteinemia levels, which is associated with a marked decrease in serum albumin values. The increases of the GGT activity confirmed the presence of adult forms in the bile ducts and the therapeutic failure (Galtier et al. 1986; Ferre et al. 1997; Raadsma et al. 2007) . Nitroxynil is an anthelmintic with a limited efficacy against immature stages (50-90%), and this increase shows that the drug was not effective against them. Recently, McConville et al. (2009) also described an increased in serum levels of the enzyme in experimental infected animals. In case of AST and ALT, these enzymes are correlated with the migration of the immature forms after the host infection (Ferre et al. 1996; Gonzalo-Orden et al. 2003; Değer et al. 2008) . These enzymes were constant in all groups until day 38 pt when slight increases were produced in both cases. Throughout the trial, sheep were grazed on the same pastures than the rest of the flock; therefore, sheep could have been infected again producing a rise in enzymatic activity.
In experimental infections, IgG increases rapidly reaching the highest levels by the fourth week post-infection; after that, IgG decreases when adult flukes are in the bile ducts (Ferre et al. 1997; Valero et al. 2008; Phiri et al. 2006) . In this trial, total IgG against E/S antigen showed similar kinetics throughout the study in all groups but with significant differences between treated and control groups. During the first month of sampling, these differences were greater in the group treated with nitroxynil instead of with TCBZ; however, in the second month, they were only described in the TCBZ group. On the other hand, and in an agreement with Ferre et al. (1997) , the kinetic of IgG is comparable with the kinetic of GGT enzyme. Indirect ELISA is an excellent technique to detect early infections in F. hepatica, but in natural infections, in which animals are reinfected constantly, antibodies are maintained high for a long time even after treatment. Owing to this fact, our results are in accordance with the ones reported by Sánchez-Andrade et al. (2001) in which antibodies were positive throughout all trial in naturally infected sheep and decreased around 6-8 weeks pt in treated groups.
Diagnosis of parasitic infections by detecting specific antigens in faeces offers several advantages as the infection is detected during the prepatent period (Duménigo et al. 2000) . In this assay, the level of antigens in faeces was positive during all the experiments in control group. It is worth noting that the decrease in epg at day 17 pt was also related to a decrease in antigens in faeces at the same time. However, during 3 weeks, animals were negative in the sandwich ELISA despite they were still excreting low amounts of eggs in faeces (5.8-23.8 epg). With the same monoclonal antibody sandwich ELISA, Duménigo and Mezo (1999) also found negative OD values with low egg excretion (3.5-33.5 epg) in natural ovine fasciolosis. After the anthelmintic treatment, the level of antigens in faeces was no longer detected after 2 weeks pt as also reported Sánchez-Andrade et al. (2001) . Finally, we conclude that for this strain of F. hepatica, TCBZ-resistant, the nitroxynil effectiveness has been greater during the first month of the trial than the TCBZ. However, the levels of efficacy in nitroxynil group during this period did not exceed 90%. The better results of nitroxynil have also been confirmed showing higher significant differences with control group in epg and total IgGs values, throughout the assay. According to these results, nitroxynil could be an alternative in case of TCBZ resistance.
